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Induction of stress response proteins and experimental renal correlated with HSP72 levels [2–4]. HSP70 expression
ischemia/reperfusion. is inversely correlated with myocardial infarct size in rats
Background. The induction of stress response (heat shock) [5] and overexpression of HSP70 in mice protects againstproteins (HSPs) is a highly conserved response that protects
cardiac ischemia [6, 7]. HSP70 induction, however, corre-many cell types from diverse physiological and environmental
lates poorly with protection of isolated rat proximal tu-stressors. We tested the hypothesis that the induction of HSPs
is protective in experimental renal ischemia/reperfusion injury. bular segments from hypoxia [8]. The induction of HSPs
Methods. The effect of prior heat stress was examined in prior to renal ischemia in vivo has had variable results
a rat model of renal ischemia. Postischemic renal function, [9–11]. The present study was designed to test the effecthistopathology, myeloperoxidase activity, and mortality were
of heat stress at multiple time points before ischemiadetermined in hyperthermia and sham hyperthermia groups.
and of an inhibitor of HSP induction (quercetin) on theResults. HSP84, HSP70, and HSP22 mRNA were increased
after eight minutes but not four minutes of hyperthermia. The functional and histologic consequences of renal ischemia.
induction of HSP84 and HSP70 was blocked by pretreatment
with quercetin. Improvement in renal function, mortality, and
histologic abnormalities was seen with eight minutes of hyper- METHODS
thermia six hours before ischemia. Protection was dependent
Animal protocolson the timing of ischemia relative to heat stress and was not
observed when HSPs were not induced. Postischemic increases Studies conformed to the “Guiding Principles for Re-
in renal myeloperoxidase activity were markedly attenuated in search Involving Animals and Human Beings.” Malethe hyperthermia compared with the sham hyperthermia group.
Sprague-Dawley rats (180 to 240 g) and Swiss WebsterConclusion. Endogenous protective mechanisms may be im-
mice (20 to 25 g; Harlan Laboratories, Indianapolis, IN,portant in renal ischemia/reperfusion injury.
USA) were placed in a 458C incubator until rectal tem-
perature reached 41 to 428C for eight or four minutes,
Ischemic preconditioning is an extremely powerful respectively. Sham hyperthermia animals were placed in
means to reproducibly protect from subsequent ische- a 378C incubator for the same total time period. The
mia. Stress response or heat shock proteins (HSPs) are quercetin group received quercetin (100 mg/kg) via ga-
induced by many physiological stressors and are thought vage two hours before heat stress (8 min). Quercetin
to be critical in this protection. Both heat stress and prevents the induction of HSPs of different sizes in sev-
ischemia cause extensive cytoskeletal and mitochondrial eral cell types [12, 13]. At multiple time points after hyper-
damage and uncoupling of oxidative phosphorylation. thermia, animals were sacrificed for kidney removal or
HSPs are thought to limit injury and accelerate recovery were subjected to ischemia. Mice were anesthetized with
by refolding disrupted proteins and preventing deleteri- pentobarbital (100 mg/kg intraperitoneally) before re-
ous peptide interactions [1]. moval of kidneys via midline incision. Cortex and me-
In cultured renal epithelial cells, protection from aden- dulla were separated on ice and frozen in liquid nitrogen.
osine 59-triphosphate (ATP) depletion or heat stress is Prior to ischemia [14, 15], rats were anesthetized with
sodium pentobarbital (65 mg/kg intraperitoneally). Both
renal pedicles were occluded for 30 minutes with mi-Key words: acute renal failure, heat shock proteins, a-Bcrystallin, mye-
loperoxidase, hyperthermia, tissue injury. croaneurysm clamps. All experiments were blinded. Tail
vein blood samples (0.15 mL) were obtained daily. BloodReceived for publication July 7, 2000
urea nitrogen (BUN) and creatinine were measured byand in revised form November 3, 2000
Accepted for publication December 11, 2000 standard urease/conductivity and picric acid reactions,
respectively.Ó 2001 by the International Society of Nephrology
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Fig. 2. Effect of prior heat stress on renal histology after ischemia. (a)
A representative section of outer medulla from a sham hyperthermia
rat at 48 hours postischemia shows extensive (41) diffuse tubular necro-
sis and cast formation. (b) A comparable section from a rat subjected
Fig. 1. Effect of prior heat stress on postischemic renal function. Mean to hyperthermia six hours prior to ischemia shows mild necrosis (21).
blood urea nitrogen (BUN 6 1 SEM) after sham hyperthermia (m)
or hyperthermia 6 (j), 12 (e), or 48 (s) hours prior to ischemia is
presented.
Rats sacrificed before 48 hours were not included in
mortality statistics.
Northern analysis
RESULTSRenal RNA was isolated using TRI Reagent (Molecu-
Effect of prior heat stress on postischemic renal functionlar Research Center, Cincinnati, OH, USA) according
Mean BUN was lower in the rats subjected to renalto the manufacturer’s protocol. Blots were probed with
ischemia six hours after hyperthermia than in the sham32P-labeled HSP70 [16], HSP84 [17], and HSP22 [18] or
hyperthermia group on days 1 to 6 postischemia (P ,28S (ATCC, Manassas, VA, USA) cDNA as previously
0.05; Fig. 1). Partial protection was observed with heatdescribed [14]. Membranes were exposed for 24 to 72
stress 12 hours before ischemia with mean BUN lesshours and read by PhosphorImager (Molecular Dynam-
(P , 0.05) than that after sham hyperthermia on daysics, Sunnyvale, CA, USA).
1, 2, and 6. Minimal protection was seen when renal
ischemia was induced 48 hours after hyperthermia. MeanLight microscopy
creatinine values showed a similar pattern of protection
Kidneys were removed 48-hour postischemia and were (data not shown).
formalin fixed, paraffin embedded, sectioned at 4 mi-
crons and were stained with hematoxylin and eosin. The Effect of prior heat stress on renal histology after ischemia
number of tubules with necrotic cells or debris was quan- Less severe tubular injury was also seen with prior
titated (0 5 none, 11 5 ,10%, 21 5 10 to 25%, 31 5 hyperthermia. In the sham hyperthermia group, most
26 to 75%, 41 5 .75%) [14, 15] in multiple coded (98%) of fields evaluated were graded 3 or 41 (.25%
tubules with evidence of necrosis), compared with 22%sections.
in the group subjected to ischemia six hours after heat
Myeloperoxidase activity stress (P , 0.01). Representative sections of outer me-
dulla 48 hours postischemia in the sham and hyperther-Myeloperoxidase (MPO) activity, an index of leuko-
mia rats are shown in Figure 2 a and b, respectively.cyte infiltration [19], was measured in coded specimens
at 48 hours postischemia as previously described [15]. Mortality
Activity was normalized to protein content and ex-
The difference in mortality between the sham hyper-
pressed as the percentage of sham surgery activity. thermia (25%) and six-hour hyperthermia (0%) rats did
not reach statistical significance (P 5 0.13).Statistics
Effect of prior heat stress on kidney myeloperoxidaseAnalysis of variance was used to compare blood urea
activity postischemianitrate (BUN) and MPO data. Tukey’s test was used to
correct for multiple comparisons. Differences in mortal- Ischemia-induced increases in renal MPO activity were
attenuated with hyperthermia six hours prior to ische-ity and histology were evaluated using Fisher’s exact test.
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Fig. 3. Effect of heat stress with or without quercetin on mRNA levels
of HSP70, HSP84, and HSP22. Representative Northern blots from
renal medulla of mice subjected to hyperthermia (8 or 4 min) or querce-
tin prior to hyperthermia and sacrificed 0, 1, 3, 6, 24, or 48 hours after
the end of the period of hyperthermia are presented. Tissue in the lanes
labeled “Sham” was removed after sham hyperthermia.
Fig. 4. Effect of heat stress for four minutes or administration of quer-
cetin prior to hyperthermia on postischemic renal function. Mean BUN
(6 1 SEM) prior to and following bilateral renal ischemia in rats sub-
jected to a short period of hyperthermia or quercetin prior to hyperther-
mia is presented. Ischemia was induced six hours after hyperthermia.mia. MPO activity in the hyperthermia group (287 6 Symbols are: (n) sham hyperthermia; (r) 4 minutes of hyperthermia;
36% sham surgery) was less (P , 0.03) than in the sham (h) quercetin; (d) 8 minutes of hyperthermia; *P , 0.05, **P , 0.01
vs. sham operated.hyperthermia rats (472 6 50%) 48 hours postischemia.
Effect of heat stress with or without quercetin on
mRNA levels of HSP70, HSP84, and HSP22
from subsequent prolonged ischemia. HSPs are thought
Increased medullary HSP70 and HSP22 (a-Bcrystal-
to be critical in this protection [1, 24]. After renal ische-
lin) mRNA was seen rapidly after hyperthermia and
mia, increases in HSP72 occur quickly [25, 26]. The ubiq-remained elevated for at least 48 hours. Increases in
uity and conservation of the heat shock response suggestHSP84 mRNA began later (6 hours) following heat
that it is a fundamental mechanism of cellular defense.stress. In the four-minute hyperthermia and quercetin
HSPs are molecular chaperones that transiently bindmice, no change in HSP70 and HSP84 mRNA levels was
nascent polypeptides and facilitate correct folding andseen. No change in HSP22 mRNA levels was seen in
assembly. Following injury, HSPs may refold denaturedthe four-minute hyperthermia mice, but increases were
proteins and restore function, limit detrimental peptideobserved at 24 and 48 hours in the quercetin group (Fig.
interactions, translocate proteins to the correct intracel-3). A similar pattern (with lower densities) is seen in
lular location, and degrade irreparably damaged proteinscortical tissue (data not shown).
and toxic metabolites. Heat shock and ischemia both cause
extensive damage to the cytoskeleton, mitochondrialEffect of four minutes of heat stress or quercetin prior
swelling, and uncoupling of oxidative phosphorylation.to hyperthermia on postischemic renal function
After such stresses, general protein synthesis is inhibited,Mean BUN after a short heat stress was no different
but HSPs are efficiently translated and synthesized andthan that after sham hyperthermia. Mean BUN in the
can rapidly reach 15 to 25% of intracellular protein con-quercetin rats was not different from that in the sham
tent [1, 24].hyperthermia rats at 24 and 48 hours after ischemia, but
The effect of increases in HSP expression on ischemicthereafter began to decrease (Fig. 4). Mean creatinine
renal injury in vivo has been variable [9–11]. The rolevalues showed a similar pattern of protection (data not
of HSPs in the kidney may depend on the exact natureshown).
and timing of the initial and subsequent insults [1]. Chat-
son et al found protection with 8 to 11 but not 12 to
DISCUSSION 15 minutes of hyperthermia prior to renal ischemia [9].
Joannidis et al also did not demonstrate protection withAcute renal failure is a common clinical problem with
15 minutes of hyperthermia [11]. Santos et al found in-increasing incidence [20] and an unacceptably high mor-
creased resistance to heat stress, ATP depletion, andtality [21]. Exogenous agents protective in animal models
cyclosporine, but increased sensitivity to cadmium chlo-have not shown a significant clinical benefit in recent
ride in inner medulla collecting duct cells after hyperos-trials [22, 23]. In the present study, we examined the role
molar induction of HSP70, OSP94, and HSP110 mRNAof endogenous protective mechanisms in renal ischemia.
In many organs, an ischemic insult results in protection (abstract; Santos et al, J Am Soc Nephrol 8:130A, 1997).
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